Introduction
It is well know n that biological m aterials [1] , in particular biological cell suspensions, display dielectric and conductom etric dispersions in the radio-frequency range.
These dispersions (generally term ed ^-d isp e r sions) are explained in term s o f M axw ell-W agner m echanism [2 ] , considering the cell as a conducting particle covered w ith a less conducting m em brane. For values o f the capacitance and conductance o f the m em brane o f the order o f 1 |iF /c m 2 and 0.1 m h o /cm 2 respectively, this dispersion occurs at about 106-10 Hz, depending on shape and elec trical properties o f the dispersed particles.
At frequencies approaching 100 M Hz, the capacitance of the cell m em brane has a negligible reactance and the suspension behaves, in a first approxim ation, as form ed o f inclusions dispersed in the extracellular electrolyte, displaying only the ordinary M axw ell-W agner effect w hich occurs, for conductivities o f the order o f 1 0 m m h o /cm . at m icrowave frequencies.
Among the biological cell suspensions, the red blood cells have been widely studied by a variety o f experim ental m ethods [3, 4] to m ake evident Reprint requests to Prof. C. Cametti.
0341-0382/84/0100-0160 $01.30/0 possible structural alteratio n s w hich m ight occur in pathological states.
In particular, various studies [5, 6 ] have provided evidence for differences in the m em b ran e o f h o m o zygous /?-thalassem ic red blood cells eith er in lipid alteration or in the rigidity and in a different structuring action on the internal aqu eo u s environ ment. The dam aged m em b ran e could also explain, the m etabolic changes found in the cation p erm e ability [6 ] .
The hom ozygous /i-thalassem ia [7] is a genetic disorder characterized by a reduced or n o n synthesis o f /?-globin chains in the h u m an h em o globin molecule. The excess of unstable a-chains precipitates in the erythrocytes form ing inclusion bodies, like the H einz bodies, w hich attack the m em brane thereby facilitating erythrocyte lysis.
In order to o btain fu rth er inform ations on the m odifications occurring in the hom ozygous ß-thalassemic erythrocyte m em brane, co nductom etric m easurem ents in the range o f frequency w here the /i-dispersion occurs, m ay be usefully em ployed. In this study, the conductom etric b eh av io u r of hum an erythrocyte suspensions, both in norm al and pathological state (hom ozygous /^-thalassem ia) was observed over a frequency range from 5 KHz to 100 MHz at two different N aC l concentrations o f the suspending m edium , in the te m p eratu re interval from 5 to 4 5° C. T he characteristic p aram eters o f the m em brane, i.e., the capacitance C M and the co n ductance Gm for unit surface have been estim ated both for norm al and /?-thalassem ic erythrocytes and some interesting differences have been eviden tiated . In particular, the low er value o f C M observed in pathological m em brane in com parison w ith th a t o f normal one, m ay reflect in a red u ctio n o f the protein content a n d /o r in a structural m o d ific atio n o f the lipid bilayer.
Experimental
Blood was draw n by venipuncture from norm al, and homozygous /?-thalassem ic donors. Cells w ere washed three tim es in physiological saline so lu tio n ( The cell, sim ilar to that em ployed elsew here can be described by a capacity C 0, w hich acts as the dielectric probe, w ith a shunt capacity Cj and a series inductance L.
The input im pedance is where e* is the com plex dielectric constant o f th e sample (£* = a*/i co e0).
The conductivity o is given by
where Z and (p are the m easu red q u an titie s (m odulus o f the total im pedance and p hase angle), £o is the absolute dielectric constant o f vacu u m , co the angular frequency. T he p aram eters C0, C \, L are determ ined by calib ratio n m easu rem en ts w ith various reference liquids, follow ing the p ro ce d u re suggested by Bottomley [10] .
The errors in the conductivity m easu rem en ts w ere estim ated w ithin 2 % in the w hole frequency range, for conductivity o f ab o u t 1 0 -3 -f 1 0~2 Q -1 c m -1.
The tem perature was varied from 5 to 45 °C within 0.1 °C. N o evidence for alteratio n s o f th e sample due to tem p eratu re was observed.
Results and Discussion
Figs. 1 and 2 show the conductivity disp ersio n s o f normal and pathological erythrocyte suspensions with an hem atocrit o f 30 and 15% at a te m p e ra tu re o f 25 °C.
For com parison and clarity o f p resen tatio n , th e m easured conductivity o f the physiological saline solution is also reported.
A trait-thalassem ic erythrocyte suspension w ith an hem atocrit o f 15% in physiological saline so lu tion was also exam inated, b u t no ap p re cia b le difference with the norm al sam ple w ithin the experim ental errors, was ev identiated (Fig. 2) .
As can be seen, all the curves show the presence o f m arked electrode p olarization effect in the low er frequency range (up to ab o u t 100 KHz) d u e to the high value o f the d.c. ionic conductivity o f these samples.
This phenom enon is related to the existence o f an electrical double layer at the m etal-so lu tio n in te r face that behaves electrically as a cap acitan ce dependent on frequency o f the ap p lied field, so lu tion conductivity, electrode surface area and perhaps other variables.
M ethods for m inim izing and correcting this type o f polarization are not ap p lied here, since the conductivity dispersions occur at sufficiently high frequencies, w here the electrode p o larizatio n effect becom e negligible.
The conductivity curves were analyzed in term s of a single D ebye-type dispersion The conductivity o f a suspension o f ellipsoidal particles covered with a shell is given by [ 1 1 ] where
is the equivalent com plex conductivity o f the particle w ith the shell; a* and are the com plex conductivities o f the suspension and the suspending m edium respectively, a* is the com plex co n d u ctiv ity o f the shell. < t> is th e fractional volum e o f the dispersed particle; A, are the p o larizatio n factors 
A 2 = A3 = i(\-A ] ).
In the derivation o f the above relations, the outer and inner surface o f the shell are considered two confocal ellipsoids, and consequently, the shell thickness is assum ed not uniform . M oreover, it was assum ed that the axial ratio for the outer surface is nearly equal to that o f the inner surface. T hese requirem ents are fulfilled in biological cells, since the m em brane thickness, is generally negligible in com parison with the cell diam eters.
In the most general case, the m edium inside the cell, the external m edium and the cell m em bran e show com plex conductivities including both d i 
Here, the dielectric constants are assum ed as real quantities, since this analysis is carried out at radiow ave frequencies and the d ip o la r relaxation o f the aqueous phase occurs at m icrow ave frequencies.
Substituting o f Eq. (3) into Eqs. (1) and (2) yields the conductivity properties o f the suspensions com pletely determ ined. In particular the d ep e n dence on co in Eq. (1) (second order polynom ial in co) suggests two separate frequency dependences o f the relaxation process, corresponding to distinct M axwell-W agner polarization effects at the three phase boundaries.
In the case under test how ever, the dispersion due to the two bulk m edia, ow ing to th e ir conductivity values (of the order o f 1CT2 -r 1 0 -3 Q _l cm " 1), occurs at very high frequencies (at about 103 M H z), well beyond the frequency range experim entally investigated in this work.
Thus, the observed dispersion at low er frequency must be recognized as the ^-dispersion.
The analysis o f the data, according to Eq. ( 1), was carried out as follows.
The erythrocyte is sim ulated [11] The conductivity om o f the physiological saline suspensions was m easured and em was assum ed equal to that o f p u re water.
The value o f £p was derived from the analysis of dielectric d ata on erythrocyte suspensions carried out by Asami et al. [11] and a value o f 6 6 at 25 °C was assumed. T his value, d erived from dielectric data on a w ide low -frequency range seem s to be m ore ap p ro p riate th an th at calculated by C ook [12] applying the Fricke relation to w hole blood at microwave frequencies.
The dielectric constant o f the inner phase is low er than the suspending m edium ow ing to m em b ran o u s organelles, lipid granules and proteins inside the cell. Following the p rocedure suggested by H anai et al. [13] These results observed b oth for norm al and /i-thalassem ic erythrocyte suspensions agree w ith the circum stance that these p aram eters refer to the erythrocytes [11] and on Escherichia coli suspensions [13] and by Schwan and M orow itz on p le u ro p n e u monia-like organism [16] . As p ointed out by Pauly and Schwan [14] , the " id e a l" internal conductivity of hum an erythrocytes, valued from the co n c en tra tion and the lim iting ionic conductance o f th e ionic species, should be at 25 °C ab o u t 14.5 m m h o /cm .
The discrepance w ith the m easured value o f about 5 m m ho/cm is pronounced, thus suggesting that the ionic m obility in the aqu eo u s phase inside the cells is low er than th a t o f the o u te r m e d iu m or, perhaps, the erythrocyte cell m e m b ran e exerts electrostatic effects w hich reduce th e ionic co n d u c tion.
In the samples under investigation this p a ra m e te r assumes approxim ately the sam e value b oth for normal and /?-thalassem ic erythrocyte cells.
A value of about 1. On the other hand, a value o f ab o u t 0.5 p F /c m 2 is estim ated for the m em brane o f /?-thalassem ic erythrocyte cells. It is notew orthy th a t this value approaches that o f a bilayer lipid m em brane.
As pointed out by F ettip lace et al. [17] For normal erythrocyte cells, we have estim ated a som ew hat greater value, ap p ro x im ately from 0.5 to 3.0 m h o /cm 2 as the tem p eratu re is increased from 5 to 45 °C. It m ust be noted, how ever, th at it m ay be difficult to extract this p ara m ete r w ith accuracy from the bulk data o f the suspensions, since Eq. (1) yields an approxim ately constant conductivity increm ent for value o f <ts low er than 5 x 10~7 Q _l c m -1, w hen internal and external conductivities are o f the ord er of 5 -i-10m m ho/cm . C onsequently, changes in the as values tow ards o f 1 0 " 7 -r 1 0~8 Q -1 c m _l reflect into very low increase o f the conductivity increm ent, which can not be experim entally observed.
Nevertheless, for the pathological erythrocytes, a value o f Gm low er than about one order o f m agn i tude, must be taken into account in com parison with those o f norm al cells. M oreover, its d ep e n dence on tem perature is less pronounced.
This characteristic m ay be connected w ith defects or alterations, at a m em brane level, present in the pathological state.
In a previous study [18] , on the erythrocyte m em brane in hom ozygous ^-thalassem ia carried out by m eans of electron spin resonance spectroscopy, it has been observed th at the m em brane outer surface is less fluid than in norm al cell.
Since the lipid com position and concentration in pathological cell is the sam e as that in norm al one, it is reasonable to suppose that the different fluidity and the lower m em brane conductance m ust be due either to a different protein com position or perhaps to a different lipid distribution.
Since the transport properties o f red cell m e m brane are partially governed by the m em bran e proteins, w hich span the h y d ro p h o b ic core o f the lipid bilayer, a red u ctio n in th e m e m b ran e con ductance may reflect a decreasing in the anion transport w hich is influenced by the transm embraneous proteins. O n th e contrary, the low value for the electrical conductance w ould not affect the transport o f electroneutral com plexes. M oreover, it must be noted th at the inclusion bodies w hich attached them selves to the m em b ran e, m ay contribute in the low ering the m em b ran e con ductance occluding the m icrochannels in the lipid bilayer and thus affecting the ionic tran sp o rt e q u i librium betw een cell and m edium .
In conclusion, in this w ork we have show n how conductom etric m easurem ents in the frequency range w here the ^-d isp ersio n occurs m ay offer sug gestions on the structural state o f the cell m em b ran e in the /^-thalassemia. 
